Crude palm and Jatropha oils, obtained from Malaysia and Thailand, respectively, were used as low-value feed oils. To remove free fatty acid (FFA) in the feed oils, alkali or acid deacidification treatments were carried out, in which FFA was neutralized with NaOH, and esterified with methanol by H2SO4 catalyst, respectively. Both methods could reduce FFA to low levels, and the following transesterifications with alkali catalysts were successfully carried out. The yields of the treated oils were smaller with alkali than with acid deacidification. Acid deacidification required much longer treatment time than alkali deacidification. Transesterification with NaOH or CH3ONa catalyst could be conducted with the treated oil of FFA mass fraction less than 0.03. CH3ONa catalyst increased the biodiesel yields to more than 0.99 with the treated crude Jatropha oil. Crude palm oil contained more glycerides with shorter chain alkyl fatty acids, which were more reactive to saponification at transesterification, so the yields of biodiesel became lower at the transesterification.
Introduction
Biodiesel fuel has become important as an alternative to conventional diesel fuel, and the production of biodiesel has been actively studied during the past decade. The production of second-generation biofuels, produced from inedible plant oils, is of particular interest because the prices of edible plant oils are greatly affected by the demand for biofuels. Consequently, the price of biodiesel fuel has remained higher than that of conventional diesel fuel 1) , 2) , but the utilization of low-value plant oils, such as crude plant oils, has been suggested to reduce the production costs 3), 4) . Such low-value plant oils occasionally contain impurities, such as free fatty acids (FFAs), phospholipids, water, and so on. FFA is one of the most important impurities to inhibit transesterification. Crude palm and Jatropha oils are reported to contain FFAs at 3-7 wt% and 14 wt%, respectively 5) . The plant oils of triglycerides are easily hydrolyzed to FFAs during storage. Therefore, treatment of the feed oils is essential to remove impurities, especially FFA, before transesterification 5), 6) . In this study, crude palm and crude Jatropha oils were selected as typical edible and inedible crude plant oils, respectively, and the effects of FFA removal on biodiesel yields were studied. Two types of deacidification (DA) methods for FFA removal were carried out: neutralization of FFAs by sodium hydroxide (NaOH) and removal as soap; and esterification of FFAs with methanol by sulfuric acid (H2SO4) catalyst and recovery of the generated fatty acid methyl ester (FAME) as biodiesel. Then two types of catalyst, NaOH and sodium methoxide (CH3ONa), were used to transesterify the deacidified feed oils with methanol. The effects of the DA methods and catalysts on the biodiesel yields were evaluated using the crude plant oils and model plant oils.
Experimental

1. Materials
The compositions of the used feed oils are summarized in Table 1 . Crude palm oil from Malaysia (CPO), crude Jatropha oil from Thailand (CJO), model palm oil (MPO), and model Jatropha oil (MJO) were used as the low-value feed oils. These crude plant oils were the same as used in the previous study 6) . The model feed oils were prepared with mixtures of tripalmitin and triolein, which are the major components in CPO and CJO. Palmitic and oleic acids were selected as the model FFAs, and were added to each model feed oil. The mass ratios of palmitic and oleic acids were decided according to the mass ratios of tripalmitin and triolein in each model feed oil. The mass fractions of FFA in the feed oils, xFFA,0, ranged from 0.01 to 0.15.
In the crude feed oils, some parts of FFAs were saponified in advance with NaOH to adjust xFFA,0. The mass fraction of FFA in the oil was determined by the titration method of ASTM D664. All chemicals used in this study were purchased from Wako Pure Chemical Industries, Ltd. The purities of tripalmitin and triolein were 98 wt% and 95 wt%, respectively, and palmitic, oleic acids, methanol (anhydrous, 99.9 %), NaOH, H2SO4, and CH3ONa were analytical grade.
Feed Pretreatment
The feed oils were treated by three steps, dephosphorization, DA, and dehydration, before the transesterification. For the dephosphorization treatment, the feed oil was heated at 343 K and contacted with aqueous solution of phosphoric acid (0.85 wt%) to convert phospholipids to phosphorous hydrides. The detailed procedure was presented in our previous study 6) . The experimental conditions for the DA treatments are summarized in Table 2 . A 50 10 -6 m 3 three-necked flask was used as the reactor, equipped with a reflux condenser, magnetic stirrer, and temperaturecontrolled oil bath, as used in the previous study 6) . For the alkali DA, the FFAs in the feed oils were removed by neutralization with NaOH to form soap. The molar ratio of NaOH and FFA in the feed oil was 1.15, and the reaction period was 5 min. The reaction rate of neutralization is generally much larger than that of transesterification, so the reaction period was much shorter than that of ordinary transesterification. The 9.5 wt% NaOH aqueous solution and feed oil were separately heated at 353 K. The solution and feed oil were poured into the reactor, and then agitation was started to begin the neutralization reaction. The obtained solutions were separated into two phases by centrifugal settling. For the acid DA, the FFAs were esterified with methanol using H2SO4 catalyst, and recovered as FAME (biodiesel) in the oil phase. Therefore, this method was expected to have higher yields of the pretreated feed oil. However, esterification of FFA with methanol by the acid catalyst is generally slow and the acid DA treatment will require longer reaction time than the alkali DA treatment. The mixture of the feed oil, methanol, and H2SO4 was heated at 333 K and stirred in the reactor for 90 min. After these DA treatments, the obtained feed oils were dehydrated with magnesium sulfate crystals and used as feed oils for transesterification. Table 3 shows the experimental conditions for the transesterification. The reactor was the same as used for the DA treatment. The crude plant oils were pretreated through dephosphorization, DA, and dehydration, and the model feed oils were pretreated through DA and dehydration. NaOH or CH3ONa was used as a catalyst. The feed oil was stirred and preheated in the reactor at 333 K 2) . The mixture of methanol and catalyst was also heated at 333 K and added to the pretreated feed oil. The time of adding the mixture to the feed oil was defined as the starting time of the reaction. After transesterification, the obtained oil and glycerol phases were separated into each other by centrifugal settling. The FAME content in the oil phase was determined by analysis using a gas chromatograph .
3. Transesterification
Results and Discussion
The phospholipids in CJO could be reduced by dephosphorization from 40 ppm down to 9.1 ppm, similar to our previous findings 6) . The concentration of phospholipids in CPO was analyzed as 9 ppm, which was sufficiently low for transesterification. Then CPO was treated to remove the phospholipids and was used as the feed oil for the DA treatment.
1. Effects of DA on Biodiesel Yields
The yield at the DA treatment, YFP, was defined as the mass ratio of the treated feed oil relative to the feed oil; 
The biodiesel fuel yield at the transesterification, YTE, was defined as the mass ratio of FAME in the biodiesel phase relative to the treated feed oil;
Mass of biodiesel phase Mass of treated feed oil TE (2) Figure 1 shows the effects of the DA methods on the mass fraction of FFA in the deacidified feed oil, xFFA. Both DA methods could effectively reduce FFA contents in the feed oils, to lower than 0.02. The alkali DA could reduce FFA more effectively and xFFA could be reduced to lower than 0.01. The acid DA required longer treatment time, and for most cases xFFA ranged from 0.01 to 0.02. For both DA methods, xFFA was independent of the compositions of the used feed oils and the types of FFAs. Palmitic and oleic acids were equally neutralized or esterified. The xFFA,0s in the feed oils were also less influential on the xFFA for each DA method. Figure 2 shows the effects of the DA methods on YFP. Alkali DA drastically reduced YFP although this method was effective for the reduction of FFA. YFP significantly decreased as xFFA,0 increased for any feed oil. Alkali DA might saponify not only FFAs but also the glycerides in the feed oil, causing such remarkable reduction of YFP. The effects of the FFA type and compositions of the feed oils were less significant. In contrast, acid DA maintained high YFP regardless of xFFA,0. Acid DA with H2SO4 esterified FFA with methanol, and transesterified the glycerides with methanol as well. The generated FAME was recovered in the oil phase and YFP could be kept high with this method.
The effects of the DA methods on YTE are shown in Fig. 3 , where the abscissa expresses the mass fraction of FFA in the feed oil before transesterification, xFFA,TE. Using the deacidified feed oils for transesterification, YTE exceeded 0.8, independent of the DA method. Without DA, FFA was saponified during the transesterification, and YTE was considerably decreased as xFFA increased. In the range of xFFA,TE 0.03, the methanol and feed oil phases were emulsified to form stable emulsion, and phase separation was impossible. This situation is expressed in the figure as YTE 0. In the range of xFFA,TE 0.03, the FAME phase could be obtained and YTE was higher than 0.8 even if the feed oil was not deacidified. Therefore, for the crude feed oils in this FFA range, DA treatment would be unnecessary for stable transesterification. YTE was slightly larger for CJO and MJO than for CPO and MPO, possibly c a u s e d b y t h e c o m p o s i t i o n s o f t h e f e e d o i l s . Glycerides of shorter alkyl chains are more reactive to convert to both FAME and soap 6), 7) . The generated soap should enhance the dissolution of FAME into the glycerol phase 8) . Accordingly, feed oils containing more tripalmitin resulted in reduced biodiesel yield. MPO and CPO contained more tripalmitin than MJO and CJO, and the tripalmitin in the feed oil was affected more by the saponification reaction resulting in lower YTE. Figure 4 shows the effects of catalysts on YTE with the FFA in the feed oils adjusted to xFFA 9.0 10 -3 . As noted in the explanation of the results shown in Fig. 3 , the DA method had little effect on YTE. Alkali DA simply removed FFA by saponification, so the treated feed oils should consist mainly of glycerides. Acid DA reduced FFA by esterification to form FAME, so the treated feed oils should contain glycerides and FAME. Therefore, in this measurement, the feed oils were treated only by alkali DA before transesterification to utilize feed oils consisting of only glycerides. YTE was higher with CH3ONa catalyst than with NaOH catalyst, and YTE of CJO with CH3ONa attained more than 0.99. Hydroxide and methoxide ions are known to be catalysts for transesterification. On the other hand, hydroxide ion should cause unfavorable reaction to saponify glycerides and FAME. Therefore, transesterification with NaOH as catalyst reduces the yields of biodiesel due to soap formation. With CH3ONa catalyst, the effects of saponification on the biodiesel yield were not significant because hydroxide ion should not be generated with this catalyst. The methanol or feed oil possibly contained trace amounts of water, causing saponification even if CH3ONa as catalyst was used, but the effects of saponification were much larger with NaOH than with CH3ONa. Accordingly, the yields of biodiesel were smaller with CH3ONa than with NaOH. YTE was higher for MJO and CJO than for MPO and CPO, possibly caused by the compositions of the feed oils. MPO and CPO, containing more tripalmitin, were saponified more than MJO and CJO 7) . In the case of alkali DA, the effects of saponification on the yield were also discussed and the compositions of the feed oils had less effect on the yield. In this case, the system contained much water which should enhance the hydration and saponification of glycerides. Then the effects of the feed compositions might not be identified under the conditions measured in this study. On the other hand, the transesterification was carried out under conditions to reduce the effects of saponification, and results similar to the previous study 6), 8) were obtained. Accordingly, YTE was affected by the feed compositions, and the CH3ONa catalyst could effectively convert glycerides to FAMEs and hinder saponification.
2. Effects of Catalysts on Transesterification
Conclusion
Deacidification of crude feed oils was found to be necessary for effective transesterification if the mass fraction of free fatty acids in the crude feed oil was more than 0.03. Both alkali and acid deacidifications could effectively reduce the mass fraction of the free fatty acids in the crude feed oils to less than 0.02. The yields of the feed oils at deacidification were larger with acid treatment th an with alkali treatment. However, the required reaction time was much longer for the acid treatment. The biodiesel yield at the transesterification was higher with CH3ONa catalyst than with NaOH to attain more than 0.99 with crude Jatropha oil. Crude Jatropha oil contained less tripalmitin, so the effects of saponification and methyl ester dissolution in the glycerol phase might be small. However, metal methoxide catalysts are generally more expensive and highly hygroscopic, so the introduction of this catalyst should be decided after evaluation with the entire production process. 
